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Infrared photodetectors utilizing intersubband transition between quantized states, such as in quantum well infrared photodetector ͑QWIP͒, have made rapid progress in device performance during the last two decades. 1 However, due to the dipole selection rule, the intersubband transitions in the conduction band stimulated by infrared ͑IR͒ photons polarized in the QW plane is forbidden, leading to a low quantum efficiency in QWIPs. 2 The problem of IR radiation coupling can be eliminated if carriers in the plane of the active region are further confined laterally in one or both directions to form quantum wires 3 ͑QWRs͒ and quantum dots ͑QDs͒, respectively. The quantum dot infrared photodetectors ͑QDIPs͒, with self-assembled In͑Ga͒As QDs as the absorption medium, 4 have been the subject of extensive research to replace QWIPs. 5, 6 While QDIPs have yielded many impressive results, QD size nonuniformity is the primary cause for the limited device performance. 7 One method to offset the nonuniformity problem in QD size distribution is to increase the number of QD layers. However, strain-accumulation induced dislocations in QDIPs have been identified as the major difficulty in increasing quantum efficiency by multilayer growth. Due to the technology challenge of making high density QWRs, there have only been a few studies on the development of quantum wire infrared photodetectors ͑QRIPs͒. Using QWRs formed in V grooves or from elongated self-assembled InAs QDs, limited photoabsorption results were reported. 8, 9 In this letter, we report an InGaAs/ InAlGaAs/ InP quantum wire infrared photodetector suitable for detecting normal-incidence IR radiation. The strain-balanced InGaAs QWRs are formed by the straininduced lateral-layer ordering ͑SILO͒ process 10 and can easily achieve the defect-free multiple-layer growth for photodetector applications.
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The unipolar n + -n-n + QRIP devices were grown using molecular beam epitaxy, as described elsewhere. 11 The QRIP structures were grown on nominal ͑001͒ ͒ top contact layer were grown. To provide electrons within each wire for photocurrent generation, the QWR structure was selectively doped with Si in the seventh and eighth SPS pairs to an electron density of ϳ1 ϫ 10 18 cm −3 . The QWR formation in the grown structure was confirmed by the cross-sectional transmission electron microscopy ͑XTEM͒ as well as polarized photoluminescence measurements. 11 A high density of wires with the long axis aligned along the ͓110͔ direction and with no visible defects were observed in XTEM images. 11 The high-quality multiple-layer QRIP structure was verified to be nearly strain-balanced by the relatively symmetric high-resolution x-ray diffraction rocking curves. 11 For QRIP device characterization and spectral response measurements, 150 ϫ 150 m 2 devices were fabricated using standard photolithography, wet chemical etching, and metallization processes. The sample was attached to the cold finger and was completely shielded from the background infrared radiation for dark current measurement. A Keithley 236 source-measurement unit was used to record the currentvoltage ͑I-V͒ characteristics of QRIPs. To enhance the measurement sensitivity, the spectral response measurements were done under an edge-coupling scheme using a glow bar ͑ϳ1000 K͒ inside a Perkin-Elmer 100 Fourier transform IR ͑FTIR͒ spectrometer. The 45°polished edge of the substrate was either parallel to the ͓110͔ direction ͑perpendicular to the wire orientation͒ or to the ͓110͔ direction ͑parallel to the wire orientation͒. The IR light is normal incident to the polished surface. The absolute spectral responsivity was calibrated with a blackbody radiation source operated at 1080 K. Figure 1 shows the dark I-V characteristics of the QRIP for temperatures in the range of 10-200 K, along with the 300 K background current taken at 10 K. At temperatures below 50 K, the dark current measurement was instrument limited for biases less than ͉ ± 1.0͉ V. For temperatures less than 80 K, the dark current is relatively insensitive to temperature over a wide bias conditions, an attribute of dark current originated from photon assisted tunneling and sequential resonant tunneling. 12 As the temperature increases from 10 to 200 K, the dark current increases approximately seven orders of magnitude from 1.5ϫ 10 −12 to 2.9ϫ 10 −5 A at +1.0 V. The increase of dark current with increasing operation temperature is due to the thermionic emission of carriers. The background limited infrared performance ͑BLIP͒ temperature T BLIP , defined as the temperature at which the dark current equals the background photocurrent, is 70 K in the range of −2.3-4.5 V.
The 10 K responsivity for the QRIP with the 45°pol-ished edge parallel to the ͓110͔ direction in the positive and negative bias ranges of 0 -2.5 V and −0.5-−2.0 V, respectively, are shown in Figs. 2͑a͒ and 2͑b͒ . At zero bias ͑photo-voltaic mode͒, only a response peak at 4.1 m is observed. The dip at ϳ4.2 m is due to the atmosphere absorption. As the bias voltage increases to 1.0 V, the photoresponse spectral shows an additional weaker peak at 6.3 m. The photoresponse peak of 6.3 m becomes significant and dominates the responsivity spectrum at biases larger than 1.0 V. The full width at half maximum ͑FWHM͒ of the 6.3 m peak is ⌬ ϳ 0.32 m and ⌬ / is ϳ5.07%. The narrow spectrum suggests that this peak originates from a bound-to-bound intersubband transition. The peak at 4.1 m has a FWHM of ⌬ ϳ 0.76 m and a ⌬ / = 18.4%. The relatively wide spectral width and less sensitivity of the peak magnitude to applied bias implicate that this peak is associated with bandto-continuum transitions and dominate the photovoltaic mode and low bias conditions. Under both positive and negative biases, the 4.1 m photoresponse shows a comparable performance. Nevertheless, the photoresponse peak at 6.3 m almost disappears under negative bias. The different photoresponse performances under positive and negative biases for the 6.3 m peak are due to the SPS-induced asymmetric conduction band-edge structure shown in Fig. 3 . Note that the QWR layer formed by the SILO process consists of SPS pairs using the growth sequence of 1.80 ML GaAs first and followed by 2.35 ML InAs layer. A minimum amount of strain is required before the composition modulation can be initiated. 13 Therefore, the first ͑or two͒ GaAs layer͑s͒ within the SPS structure has not been transformed into the wire structure completely and works as a current-blocking layer due to a large band offset of GaAs/ In 0.52 Al 0.24 Ga 0.24 As. Unavoidably, the photocurrent, which is hindered by passing through the current-blocking GaAs layer͑s͒ at a low bias, has a limited photoconductive gain, leading to a weak responsiv- ity. The same reason also applies to the low dark current shown in Fig. 1 . Furthermore, under the two different bias polarities, the asymmetric band-edge shape leads to different photogenerated carrier conducting probabilities and different photoresponses. The best performance of the QRIP is achieved at a bias voltage of 1.5 V, where the detectivity is 3.13ϫ 10 9 cm Hz 1/2 / W at 10 K for the detection wavelength of 6.3 m. Apparently, a QWR layer consisting of ͑GaAs͒ 1.80 / ͑InAs͒ 2.35 SPS pairs needs to be reconfigured to increase the photocurrent. A refined design of the QWR constituents could greatly increase the device detectivity.
In lateral quantum well structures formed by the SILO process, 10 due to the anisotropic strain field presented, it was observed that the normal-incident interband optical absorption is strongest for incident light polarized along the ͓110͔ axis. 13 The QWRs formed by the similar process also exhibit an anisotropic intersubband photoresponse shown in Fig.  4͑a͒ . The spectral response of the QRIP was only observed for the measurement taken with the incident light perpendicular to the wire orientation. When the measurement was taken with the incident light parallel to the wire orientation, the spectral response was too weak to be detected. This anisotropy of photoresponse is related to the one-dimensional structure of QWRs in addition to the complex strain field 14 formed by SILO process leading to a different absorption coefficient for IR irradiation polarized along and perpendicular to the wire orientation.
To further explore the polarization dependence of QRIPs, the polarization angle ͑͒ of the incident light was changed from p-polarized ͑0°͒ to s-polarized ͑90°͒ lights in steps of 10°. The response ratios as the function of the polarization angles at 10 K and 2.5 V are shown in Fig. 4͑b͒ and compared with the cos 2 curve, which is the typical angular response dependence of a QWIP. The response ratio at an incident angle is defined as the spectral response ratio of the polarized incidence photoresponse to that of p-polarized incident light. As shown in Fig. 4͑b͒ , the response ratio reduces only slightly to 0.93 as increased to 90°͑s polarized͒, suggesting a near equivalent absorption of p-and s-polarized lights in QRIPs. This indicates that the photoresponse arising from the intersubband absorption is nearly polarization independent when the excitation is incident on the 45°surface facing the cross section of QWRs. In other words, a significant photoresponse has been generated from the normal-incident light polarized perpendicular to the long axis of QWRs.
In summary, we have demonstrated a midinfrared InGaAs/ InAlGaAs QRIP which shows a strong normalincident photoresponse when the incident light is polarized perpendicular to the wire orientation. A detectivity of 3.13 ϫ 10 9 cm Hz 1/2 / W at a detection wavelength of 6.3 m at 10 K is recorded for the QRIP consisting of 20 QWR layers, with each QWR layer formed by ten pairs of ͑GaAs͒ 1.80 / ͑InAs͒ 2.35 SPS. The current QRIP structure has a low dark current but low responsivity due to the SPSgenerated current-blocking layer. The device detectivity could be improved through refined design of SPS pairs in the QWR layer.
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